An improved understanding of how local mechanical stimuli guide the fracture healing 16 process has the potential to enhance clinical treatment of bone injury. Recent preclinical studies 17
of bone defect animal models have used cross-sectional data to examine this phenomenon 18 indirectly. In this study, a direct time-lapsed imaging approach was used to investigate the 19 local mechanical strains that precede the formation of mineralised tissue at the tissue scale. 20 The goal was to test two hypotheses: 1) the local mechanical signal that precedes the onset of 21 tissue mineralisation is higher in areas which mineralise, and 2) this local mechanical signal is 22 independent of the magnitude of global mechanical loading of the tissue in the defect. Two groups of 23 mice with femoral defects of length 0.85 mm (n=10) and 1.45 mm (n=9) were studied, allowing for 24 distinct distributions of tissue level strains in the defects. The regeneration and (re)modelling of 25 mineralised tissue was observed weekly using in vivo micro-computed tomography (micro-CT), 26 which served as a ground truth for resolving areas of mineralised tissue formation. The mechanical 27 environment was determined using micro-finite element analysis (micro-FE) on baseline images. The 28 formation of mineralised tissue showed strong association with areas of higher mechanical strain 29 (area-under-the-curve: 0.91±0.04, true positive rate: 0.85±0.05) while surface based strains could 30 correctly classify 43% of remodelling events. These findings support our hypotheses by showing a 31 direct association between the local mechanical strains and the formation of mineralised tissue. 32
Introduction

33
It is accepted that organ-scale mechanical loads have a significant influence on the outcome of bone 34
healing. Yet, at the tissue-scale, where healing takes place, the mechanical stimuli guiding this 35 process are unknown. Manipulation of organ-scale loading has been performed via changes in 36 fixation stiffness and defect size, allowing precise application of load to the defect 1,2 . Studies focusing 37 on this manipulation of load have shown differential outcomes 3 . Though understanding of the 38 mechanobiology of bone healing will have profound clinical impact, eventually allowing patient-39 specific treatment of fractures, a more immediate application of such knowledge might be preclinical 40 research on biomaterials or drugs, via the use rodent models. In such models, currently a plethora of 41 defect sizes and fixation methods are used 4 . The sensitivity of healing to mechanical stimuli 42 confounds comparisons between studies where: different fixators or defects sizes are used; 43 biomaterials with different stiffnesses are implanted into defects changing the tissue-scale 44 mechanical environment; or pharmaceutical treatments potentially alter the mechanosensitivity of 45 cells. Knowledge of the optimal tissue-scale mechanical conditions would allow compensation for 46 these effects, potentially producing new knowledge on biomaterials and pharmaceutical treatments 47 from existing studies. 48
At the tissue scale several theories have been presented linking mechanical parameters to tissue 49 differentiation such as deviatoric strain and hydrostatic pressure 5 or shear strain of the tissue and 50 fluid flow within the tissue 6 . However these theories cannot be confirmed without spatial and 51 temporal experimental data tracking the healing process 7 . In lieu of this, the mechanoregulatory 52 rules have been implemented within in sillico models and compared to cross-sectional data of the 53 tissue patterning [8] [9] [10] . These state-of-the-art in sillico models are based upon idealised shapes of the 54 tissue; for example, assuming bone is uniform and cylindrical, and the callus extent is predefined. 55
Unfortunately, histological slices rarely conform to these expectations, impeding quantitative 56 comparison 11 . 57 4 An alternative to in sillico modelling is strain mapping where local deformations are estimated using 58 digital images of tissue in the relaxed and deformed states. This method has been used to parametrise 59 and validate finite element (FE) models 12, 13 and has also been used to correlate tissue phenotypes 60 with mechanical strains 14, 15 . While these approaches remove the assumptions used to create finite 61 element models regarding tissue properties, they are sensitive to sample preparation, imaging 62 artefacts and out of plane artefacts given their two dimensionality. Finally, as the data is cross-63 sectional, the calculated deformation coincides with the tissue compositions but does not precede it. 64
Time-lapsed in vivo micro-computed tomography (micro-CT) produces spatial and temporal 65 experimental data for mineralised tissue and, in the field of bone (re)modelling, has enabled non-66 destructive examination of (re)modelling events over several weeks 16, 17 . When coupled with micro-67 finite element (micro-FE) analysis, microCT imaging, has allowed the investigation of the 68 mechanoregulation of bone (re)modelling 18-20 . To investigate fracture healing, in vivo micro-CT has 69 been used to track changes in bone volume (BV) 21, 22 . Qualitative associations between strain patterns 70 and bone formation have been observed in two dimensional analysis of time-lapsed micro-CT images 71 and FE simulations 21 . 72 In this study, we combine time-lapsed in vivo micro-CT with micro-FE analysis to quantify the 73 relationship between the local in vivo environment (LivE) 23 , bone formation and mineralisation 74 kinetics over the course of healing in a mouse femur defect model. We hypothesize that 1) the tissue-75 scale mechanical stimulus which precedes the onset of mineralisation is greater in voxels that 76 mineralise than in voxels which do not mineralise and that 2) this phenomenon is independent of the 77 magnitude of global mechanical loading of the defect. 78
Additionally, reconciling the wide range of densities that are observed during the fracture healing 79 process is key to improve microFE prediction of mechanical stimulus. Traditionally, either single 80 absolute thresholds, ranging from 394.8 to 641 mg HA/cm 3 24-26 ; or relative thresholds based on 81 percentages of grey values; such as 25% to 33% 27-29 have been used. We improve upon these 82 approaches via the use of a "Multi-density threshold approach", whereby we apply a range of 83 5 thresholds to identify the spatially and temporally changing densities of bone, allowing us to quantify 84 local mineralisation kinetics and reconcile the range of bone densities within the healing 85 environment. 86
Results
87
Longitudinal monitoring of fracture healing 88 Defect healing followed a typical pattern, progressing from the reparative phase to bridging and then 89 displaying mineralisation and remodelling. The 0.85 mm defect healed in 9/10 mice with the single 90 atrophic non-union not included in analysis. The 1.45 mm defect group had a non-union rate of 4/9, 91 similar to the results of Zwingenberger et al. 30 . The 0.85 mm group qualitatively had a larger callus 92 compared to the 1.45 mm group ( Figure 2 ). As mentioned before, there is no consensus in literature 93 regarding the level of BMD for segmenting bone during the healing process. The apparent 94 progression of healing was shown to be highly sensitive to the threshold in both groups. When 95 comparing the highest threshold to the lowest, the peak BV/TV was delayed by at least a week for all 96 regions ( Fig. 2 A-H). As seen in the formation and resorption rates, two phases of mineralisation 97 could be distinguished . Firstly, an initial deposition of a large amount of low-density 98 tissue occurred in week 2 and 3, followed by a production decay from the third week onwards; and 99 secondly, an increase in the resorption of low-density tissue and a peak in the formation of high 100 density tissue directly following the first phase ( To determine physiological boundary conditions, a load estimation algorithm was used on intact 108 femoral midshafts from a second cohort of mice. The load estimation algorithm predicted an axial 109 compressive load of 10.0 ± 1.9 N with a bending moment of 3.5 ± 0.7 Nmm. 110
Mechanobiology of tissue mineralisation in defect 111
The association between the effective strain and the mineralisation events in the defect volume were 112 strongest in the second post-operative week, this was true for both groups (Figure 5Figure 3). This 113 corresponded with the initiation of hard callus formation ( Figure 1 & Figure 2 ). In both cases, the area 114 under the curve was reduced for the third week and this decrease was proportional to the threshold 115 value. The higher density bone in the third week consisted of both new bone and the maturation of 116 low-density bone deposited in week 2. The AUC of 0.5 implies that maturation was not associated 117 with the mechanical stimuli. This trend is reversed in later weeks, indicating that bone deposited 118 during the remodelling phase is again under mechanical control. For the 0.85 mm group an effective 119 strain of greater than 0.51±0.25 was found to provoke bone formation, while for the 1.45 mm defect 120 the effective strain was 0.85±0.34. Excluding mice in which non-unions occurred, that effective strain 121 was 0.54±0.26. While not significant, this may indicate that the non-union mice might have less 122 mechanically sensitive cells. 123
The reduction in the effective strain which provoked mineralisation over time (Figure 2 , C&F) 124 represents the stress shielding caused by newly formed bone. The effective strain for the 1.45 mm 125 group was lower in week 6 due to the large number of non-unions, which had significantly less strain 126 in the bone tissue. 127
Mechanobiology of the surface 128
In order to associate the (re)modelling events on the bone surface with the mechanical stimuli on the 129 surface, the bone surface of the preceding week was extracted from the overlaid binarized images. 130
The state of the surface was recorded, i.e. whether it was a site of formation, resorption or 131 quiescence. The mechanical stimuli were calculated using micro-FE and extracted at the 132 7 corresponding surface locations. Two thresholds (resorption and formation) were then used to 133 predict the surface state which was then compared to the in vivo derived ground truth. Heat plots 134 were generated for each week, analysing BMD threshold, and VOIs. Only the lower right triangle is 135 occupied as the threshold for resorption and formation cannot overlap. This analysis was performed 136 for all mice in the 0.85 mm which satisfied the exclusion criteria, using all thresholds and time-points 137 ( Figure 5D ). In the defect, the CCR in the first 3 weeks was approximately 35-37%, this rose to 40-43% 138 by the 6 th week ( Figure 4B ). In the VOIs of the cortical fragments, the CCR was initially 50-56% 139 decreasing to 39-40% by the 6 th week ( Figure 4A ). At lower density BMD thresholds, for both the 140 defect and cortical fragments, there was a tendency for a higher CCR. Comparing figure 9A & B, it is 141 apparent that the CCRs for both DF+DP and FC+FP approach the same value in the final week. 142
Discussion
143
The aim of this study was to investigate the mechanical regulation of bone healing in the local in vivo 144 environment (LivE) and determine if the tissue-scale stimulus preceding formation of mineralised 145 tissue was independent of global loading of the defect. Our first hypothesis, that the formation of 146 mineralised tissue during bone healing is regulated, at least partly, by tissue scale mechanical stimuli 147 could be confirmed, with up to 91±3.4% of mineralised tissue formation within the defect being 148 predicted by a single threshold for both defect sizes ( Figure 3 ). The lack of significant difference 149 between the optimal during the 2 nd week post-operative measurement of the 0.85mm and 150 1.45mm defect groups further strengthens this finding and means that we cannot reject the second 151
hypothesis. 152
While previous studies have focused on qualitative assessment of the mechanoregulation 21 , or on two 153 dimensional cross-sectional data 5,10,15 , this study uses fully three dimensional information and 154 associates a preceding strain with the tissue. In our study, we focused on as a classifier. The 155 choice of rather than SED is due to the heterogenous nature of the tissues in the healing bone. 156
As SED scales linearly with stiffness, this precluded comparison between regions with different 157
Young's moduli. In contrast, is independent of the element elasticity. Previous studies have 158 8 attempted to divide the mechanical stimuli into either shear and volumetric components or the 159 perfusion of fluid through the tissue matrix and shear 5,6 . However, adversarial testing by Repp at al. compression. Our use of combines both deviatoric strains and volumetric strains into a single 165 scalar quantity. As SED has been used extensively for the analysis of bone (re)modelling, using a 166 derived quantity can allow for a unifying theory of both bone repair and (re)modelling. 167
When considering (re)modelling, the association of (re)modelling events at the surface is comparable 168 to Schulte et al. 33 , who were able predict the spatial accuracy of formation and resorption (equivalent 169 to CCR) at 47.6 % (SD=3.3 %) in the caudal vertebrae compared to the CCR of 42% (SD=2.4 %) in this 170 study. The surface (re)modelling events of the cortical bone initially had a strong association with the 171 mechanical stimuli when compared to bone in the defect. The CCR of cortical bone decreased over 172 the study period, converging with the CCR of the defect (Figure 4 ). We see two potential 173 explanations for this behaviour: Firstly, the cortical VOIs were quite inactive during the first week 174 (Figure 1 K&L). Thus, most of the surface was in a quiescent state with a small amount of bone 175 resorption. This reduced the total amount of possible misclassification as the ground truth has two 176 states rather than three. The amount of (re)modelling activity then increased in the subsequent 177 weeks, hence the CCR decreased as the surface enters a state of balanced remodelling where the 178 amount of newly formed bone is equal to the resorbed bone. Secondly, it is possible that errors in our 179 boundary conditions were lower for the non-healed bone when the majority of load was transmitted 180 through the external fixator and boundary artefacts relating to the screws where lower. In the coarse 181 to the 3.5 ±0.7 Nmm we calculated using a load estimation algorithm. The prediction of such similar 207 values with two different methodologies lends confidence to the predicted physiological loading 208 presented in this paper. 209
In summary, we investigated the association between formation of mineralised tissue and the local 210 mechanical stimuli over the course of healing in a mouse femoral defect model. The results indicate 211 10 that the bone healing process is mechanically regulated at the tissue scale in the reparative phase. 212
These results also provide both parameters and ground truth to improve and validate fracture healing 213 models in mice. Combinations of methods presented will reduce animal numbers needed in bone 214 healing studies, through longitudinal monitoring, and allow quantification of mineralisation kinetics 215 and mechanosensitivity. Finally, knowledge of mechanical stimuli at the tissue-scale will allow mouse 216 studies calibration of fixation stiffness and defect size to create comparable local mechanical 217 environments. 218
Material and Methods
219
Animal model and imaging: 220 All animal procedures were approved by the authorities (licence number: 36/2014; Kantonales 221
Veterinäramt Zürich, Zurich, Switzerland). We confirm that all methods were carried out in 222 accordance with relevant guidelines and regulations (ARRIVE guidelines and Swiss Animal Welfare 223 Act and Ordinance (TSchG, TSchV)).The study comprised of two groups of female C57BL/6J mice, 224 age 20±1 week (Janvier Laboratories, Le Genest-Saint-Isle, France). In both groups, a femoral defect 225 was created by first stabilising the femur with a radio translucent external fixator (MouseExFix,  226 RISystem AG, Davos, Switzerland) and then removing a section of bone. One group (n=10) received a 227 0.85±0.09 mm defect and the other (n=9) a 1.45±0.16 mm defect. The mice were scanned weekly using 228 in vivo micro-CT (vivaCT 40, Scanco Medical AG, Brüttisellen, Switzerland) with an energy of 55 kVp, 229 an integration time of 350 ms and a current of 145 uA with 500 projections. The scanning period was 230 6 weeks, totalling 7 measurements including a post-operative one. To prevent motion artefacts 231 during scanning, the external fixator was secured in a custom designed holder. During all 232 experimental procedures, the animals underwent isoflurane anaesthesia (Induction: 5%, maintenance 233 2-3%). Analgesia (Tramadol, 25 mg/l; Tramal ® , Gruenenthal GmbH, Aachen, Germany) was provided 234 via the drinking water during the peri-operative period (two days before surgery until the third 235 postoperative day). Atrophic non-unions, qualitatively assed in the micro-CT scans, served as an 236 exclusion criterion. 237 11 Image processing 238 Three dimensional micro-CT images were reconstructed at an isotropic nominal resolution of 10.5 239 µm. Images were registered sequentially; proximal and distal bone fragments of unbridged defects 240 were registered separately as it was found that small relative movements between proximal and distal 241 bone fragments occurred between measurements. After image registration, 17 the images were 242
Gaussian filtered (sigma 1.2, support 1) to reduce noise. The multi-density threshold approach was 243 then applied, whereby images were binarized with thresholds ranging from 395 to 720 mg HA/cm³ in 244 steps of 25 mg HA/cm³. 245
The bone volume was evaluated in four non-overlapping volumes of interest (VOIs) which were 246 created from the post-operative measurement. These consisted of a defect centre (DC), defect 247 periphery (DP), a volume encompassing each cortical fragment (FC), and the fragment periphery (FP) 248 ( Fig. 5A) . These volumes were identified automatically using the following algorithm: The input was 249 the post-op image binarized with a threshold of 640 mg HA/cm³. The cortical fragments were found 250 using component labelling. The marrow cavities on each side were flood filled, creating the FC VOI. 251
The cortical surface was taken from the last filled slice of the FC mask and interpolated linearly 252 across the defect. A raytracing approach was implemented, where rays were cast from the image 253 boundaries perpendicular to the axis joining the centre of mass of the cortical fragments. If the ray 254 struck the cortical fragment ( Fig 5A) all voxels along its path were included in the FP VOI, while if 255 the ray struck the interpolated surface the voxels were then added to the DP VOI ( Fig 5A) . The DC 256 VOI was then determined as the voxel in the image not included in the FC, FP and DP VOIs. The 257 bone volume was quantified for all thresholds. The volumes were normalised to the central VOIs, DC 258 for DP and FC for FP representing the total volume (TV) of intact bone, which can be considered as a 259 target for healing. 260
Finite element analysis 261 The mechanical signal was calculated using three hierarchical FE analyses; 1) Load estimation was 262 used to determine the physiological loading on the intact mouse femur (Fig 5B) , 2) A coarse finite 12 element model of the bone-fixator system was used to determine the boundary conditions of the 264 femoral defect ( Fig 5B) , and 3) a micro-FE analysis based upon the in vivo micro-CT images was used 265 to estimate the tissue-scale mechanical stimuli ( Fig 5C&D) . 266
Load estimation 267
The physiological loading of the mouse femur was determined using a load estimation method 268 proposed by Christen et al. 36 . This method uses the underlying microstructure of the bone to 269 determine a combination of load cases, which create a homogenous strain distribution at a 270 physiological tissue loading level. 271
The loading parameters were estimated from images of intact contralateral femurs of a second cohort 272 of seven female mice (C57BL/6) from a previously published fracture healing study 37 . Samples were 273 scanned and processed ex vivo in a desktop micro-CT system (microCT 40, Scanco Medical AG, 274
Brüttisellen, Switzerland) according to the protocol established by Kohler et al. 38 . The mid-shaft was 275 extracted manually as the region above the lower growth plate and below the lesser trochanter. Two 276 load cases with unitary loads were applied to the mid-shafts: axial compression and a bending 277 moment around the minor axis of ellipticity of the femoral cross section ( Fig 5B) . The micro-FE 278 analyses for each load condition were then solved using ParOSol 39 . A 1:1 conversion of voxels to 279 elements was used. The load estimation algorithm was then used to determine the physiological 280 loading applied to the shaft. shaft was modelled as elliptical tubes, with a thickness of 0.2 mm and a minor and major axis of 1.0 289 mm and 2.0 mm respectively. The fixator was modelled on the MouseExFix system used in the study. 290
The validity of this model was verified through comparing the simulated stiffness to mechanical 291 compression experiments of the external fixator implanted into PMMA cylinders with an empty 292 defect (data not shown). 293 
Estimation of in vivo strains
Analysis of mechanobiology of bone healing 307
To associate bone formation with the mechanical stimuli within the defect, a receiver operating 308 characteristic analysis (ROC) was applied (Fig. 5C ). In our application of ROC the ground truth was 309 created by overlaying binarized images where newly mineralised bone was identified as condition 310 positive, while tissue which did not mineralise was condition negative. The ROC curve was created 311 via sweeping a threshold through the space, values about the strain threshold were classified as 312 bone while below were considered soft tissue, comparison to ground truth created the RCO curve 313 (Fig.5C ). The analysis was performed in the DC and DP volumes. This process was repeated for each 314 14 mouse, time-point and BMD threshold. Due to the large amount of data, the analysis was 315 summarised in terms of area under the curve and the true positive rate selected was the furthest from 316 the random classification line at 45°. 317 Analysis of mechanobiology of callus remodelling 318 On the bone surface, the prediction of sites of formation, resorption and quiescence using the 319 preceding were interpreted as a multi-class classification problem. The classifier function 320 consisted of two thresholds; a lower, which classified the sites of resorption ( ), and an upper, 321 which classified the sites of formation ( ). Values between the thresholds were classified as 322 quiescent. 323
This classifier corresponds to the simplest possible mechanostat model, having just two parameters 329 ( ) 45 . 330
The bone surface was defined as the interface between the bone and the background using a 3D 'von 331
Neumann' neighbourhood with a radius of 1 voxel 46 . The ground truth was determined with sites 332 of formation defined as the interface between quiescent and newly formed bone. Sites of resorption 333 were defined as the interface between resorbed bone and the background, while the quiescent 334 surface was the interface between quiescent bone and the background. The predicted states were 335 then compared to the ground truth and a category-wise normalised confusion matrix was 336 generated: 337
Diagonal entries are analogous with true positive rate, while off diagonals are false negatives and 339 positives. The trace of the normalised confusion matrix indicates the overall performance for all 340 categories. The normalisation step compensates for differences in the number of surface voxels in 341 each category (formation, quiescence and resorption), and thus gives all events equal weighting. An 342 exhaustive analysis comparable to ROC was performed in which both thresholds were swept through 343 the strain space generating two-dimensional heat charts ( Fig 5D) . The colour represents the trace of 344 the confusion matrix divided by three to give an average correct classification rate (CCR). 345
This analysis was performed for each BMD threshold level, and the maximum CCR was determined 347 for each image and time-point. 348 Biomechanics and modeling in mechanobiology 11, 147-160 (2012) . Biomechanics and modeling in mechanobiology 14, 1239-1253 (2015) . Journal of biomechanics 48, 866-874 (2015) . Miner Res 30(S1):S100, (2015) . 309-315 (2015) . Bone 38, 547-554 (2006) . proportion of the defect more tissue is formed within the 0.85mm group compared to the 1.45mm 523 group. A successful healing outcome is a union in which the bone is indistinguishable from the 524 original cortical bone, comparing the original cortical fragments FC+FP and defect VOIs DC+DP 525 between groups, it is apparent that the 0.85mm defect has similar BV/TV in the DC+DP (I+J) and 526 FC+FP (K+L) in the final weeks, while the 1.45mm defect groups has lower BV/TV within the DC and 527 DP regions. This shows that insufficient bone is produced in the larger defect. For both groups the 528 difference between the highest and lowest threshold would cause relative underestimation of callus 529 size in the initial 3 post-operative weeks. The rates of mineralisation were threshold dependent, with 530 an initial large deposit of lowly mineralised tissue followed by a second phase of maturation A-H. 531
Acknowledgements
Resorption of the existing cortical fragments was apparent in week 1-3. 532 Two thresholds are shown for each mouse, most significant is the difference between observed state 535 of healing at week 2, where for the lower threshold both groups are fused and for the higher 536 threshold no healing has occurred. 537 23 Figure 3 : The associations between mineralisation on the mechanical local in vivo environment: Time 538 course of Area under curve (A, D), True positive rate (B, E) and Effective Strain thresholds (C, F) for 539 0.85 mm (upper row) and 1.45 mm (lower row) defects. A&D) The area under curve for the 0.85 mm 540 and 1.45 mm respectively. In both groups the AUC was maximum in the second week. The AUC 541 declined in the third week for both groups, this decline was largest for the highest mineralised tissue, 542 again recovering for the 0.85 mm, while continuing to decline for the 1.45 mm group. The poor 543 association between the formation of highly mineralised tissue and mechanical signal in the third 544
week is an indication that the maturation of bone is independent of the local mechanics while its 545 formation is dependent. The recovery of the AUC in the later weeks for the 0.85 mm is likely due to 546 the group containing only mice with unions. The true positive rate of the optimal threshold (B&E), 547 initially show a similar trend to the AUC. However, for the 0.85 mm group the association for the 548 highest BMD is also highest in the final week, indicating that controlled remodelling is taking place. 549
The optimal effective strain thresholds (C&F), Show a similar level of strain in the second week. A 550 large amount of variation with respect to BMD can be seen in the 1.45 mm group from week 3 551 onwards, this is likely due to the presence of both unions (which stress shield soft tissue) and non-552 unions in the group. 553 554 Figure 4 : The highest mean correct classification rates for remodelling eventsfor each week and 555 mineralisation threshold. A) Remodelling events in the fragment VOIs, showing a drop in CCR as the 556 cortices shift from resorption to balanced remodelling B) Remodelling events in the defect, initially 557 close to random followed by an increase each week post bridging. 558 559 Figure 5 : A) Illustration of ROI definition process: First the first and last intact cortical slice in the 560 imaging plane are found (proximal blue, distal red). These shapes are then interpolated across the 561 defect, providing an estimation of the original periosteum. Rays are then cast from the image 562 boundaries along normals to the major axis of the fragments. Rays which intersect the cortical 563 24 fragments are classified as being members of FP, while Rays which intersects only virtual periosteal 564 surface (red) are classified as being in DP. The DC volume is then determined as the space not 565 occupied by FC, FP or DP. B) The pipeline for FE analysis: initially the load on the femur was 566 determined using load estimation on intact contralateral femurs. These loads were then applied to a 567 coarse FE-model which determined the boundary conditions for the in vivo micro-CT model. C) The 568 association between mineralised tissue formation and mechanical strain in the soft tissue, micro-FE 569 analysis is used to calculate the strains in the soft tissue, using the time-lapsed in vivo micro-CT 570 images as ground truth ROC analysis is performed determining how effective mechanical strain is as 571 a predictor. D) Association of remodelling events with mechanical strain. Using the micro-FE results 572 for the mineralised tissue a set of thresholds are swept through the strain space classifying formation 573 and resorption events. Using the time-lapsed in vivo micro-CT images are ground truth a correct 574 classification rate for each set of thresholds is determined. Figure 5 
